Abstract Therapy of cytomegalovirus (CMV) infection in recipients of hematopoietic stem cell transplantation (HSCT) by immune serum transfer did not fulWll the high clinical expectations, although immune sera or immunoglobulin-enriched preparations pooled from many CMVimmune donors are likely to contain virus neutralizing antibodies covering a broad range of virus variants. Likewise, the highest risk of CMV disease in HSCT recipients results from the reactivation of the latently infected recipient's own virus despite pre-transplantation humoral immunity. These Wndings suggest the conclusion that antiviral antibodies are ineYcient in controlling CMV. Rather than B cells and antibodies, T cells, in particular CD8 T cells, are thought to play a major role in resolving established organ infection. In theory, antibodies, though being capable of neutralizing free virions, could fail to prevent cell-bound virus dissemination from the portal of entry to distant target tissues and also could fail in preventing cell-to-cell spread within tissue. Here we have used murine model systems, including B cell deWcient C57BL/6 ¡ ¡ ( MT) mutants, to revisit the role of antiviral antibodies in the control of CMV infection and to reevaluate the prospects of an antibody-based immunotherapy from a basic science point of view.
Introduction: clinical background and murine models
The role of antiviral antibodies in the control of cytomegalovirus (CMV) infection is a matter of discussion (for a more recent review, see [1] ). In hematopoietic stem cell transplantation (HSCT), prevention of CMV infection and disease by intravenous transfer of immmunoglobulins (IVIG) derived from pools of CMV-immune serum donors were, on balance, underperforming and failed to replace other therapy options. Likewise, vaccines based solely on the induction of an antibody response are likely to fall short in providing full protection, so that current vaccination approaches are aimed at inducing both humoral and cellular adaptive immunity (for an overview, see [2] [3] [4] [5] ).
From a clinical risk assessment, it became clear that under the conditions of HSCT a pre-transplantation humoral immunity of the recipients fails in protecting against reactivation of latent CMV and consequent recurrent infection and disease; yet, this may relate in part to a gradual decline in antibody titers after the immunodepleting hematoablative conditioning due to the half life of antibodies in the absence of new production. As discussed in greater detail by Seckert et al. in this issue of MMI, the donor (D) and recipient (R) serostatus deWnes the risk of CMV reactivation after HSCT with a risk ranking of D Many parameters in clinical protocols might obscure a role for antibodies in controlling human CMV (hCMV), whereas the murine model allows systematic experimental approaches, including elegant genetic approaches manipulating both the virus and the host (see the contributions by Sacher et al. and by Waisman et al., respectively, in this issue of MMI). Early studies by Araullo-Cruz et al. [7] followed by Shanley et al. [8] have shown that immune serum obtained from mice infected with murine cytomegalovirus (mCMV), when passively transferred, can protect recipient mice from lethal infection with the homologous virus. As a correlate for the clinical situation of infection with multiple virus variants, Gorman et al. [9] have documented successive infection by a naturally occurring recent mCMV isolate and the mCMV laboratory strain K181, suggesting that neither antibodies nor cellular immunity can completely block reinfection of primed mice with a heterologous virus. Passive transfer of immune serum, however, failed in preventing the establishment of viral latency [8] and it also failed in preventing all manifestations of CMV disease, with experimental retinitis being a noted example [10] .
A host genetics approach using the B-cell deWcient C57BL/6 ¡ ¡ mouse strain, which was generated by targeted disruption of a membrane exon of the Ig chain gene ( MT mutant) [11] and backcrossing to C57BL/6, showed that B cells, and thus also antibodies, are dispensable for resolving acute mCMV infection and cannot prevent virus reactivation from latency. Antibodies were, however, critically involved in limiting the dissemination of reactivated virus thus keeping recurrent infection local [12, 13] . As shown elegantly by Klenovsek et al. [14] , adoptive transfer of memory B cells derived from mCMV-primed C57BL/6 donors reduced virus multiplication and durably protected against lethal CMV disease in otherwise immunodeWcient homozygous RAG ¡/¡ mutant mice. Notably, in that study, virus-speciWc memory B cells not only showed a prophylactic potential but also were eVective even when administered therapeutically at an early stage of established infection, on day 3 in the speciWc case documented. Protection by memory B cells was most likely mediated by antibodies, as antiviral function coincided with the appearance of newly produced antibodies and because transfer of immune serum protected with no delay, though only transiently [14] .
On the histopathogenetic level, it remained open to question if the main function of antibodies is to inhibit virus dissemination from the portal of entry to target tissues as well as the formation of secondary foci within target tissues or if antibody can even inhibit the cell-to-cell spread of virus that is required for the formation of more extended primary foci. This speciWc question is addressed here.
Results
A positive CMV immune status inhibits CD8 T cell priming at a peripheral portal of virus entry In our experience, it is essentially impossible to superinfect a CMV-immune mouse with the homologous virus, at least when the system is not overwhelmed by unreasonably high virus doses and when the route of infection does not avoid the draining lymph node. Our experiments refer to subcutaneous, intraplantar infection, a route for which the popliteal lymph node is the draining lymph node, and to the moderate infection dose of 10 5 PFU of cell culture propagated mCMV-WT.Smith, if not indicated otherwise. Protection against infection was likely mediated by a serum component, as combined hematoablative treatment by a 7 Gy total-body -irradiation and depletion of CD4-and CD8 T cells as well as of natural killer (NK) cells did not annul the blockade (unpublished observation). Under no circumstances could dissemination to distant organs, such as the liver, be detected by IE1-protein speciWc immunohistology or by the virus plaque forming unit (PFU) assay (data not shown).
A highly sensitive indicator for viral gene expression is the priming of CD8 T cells speciWc for epitopes of viral proteins that are not present in virions, such as the immediate-early phase protein IE1 (pp76/89) and the early phase protein m164 (gp36.5) [15] [16] [17] . We know that 10 PFU can prime CD8 T cells in immunocompetent BALB/c mice (Verena Böhm, manuscript in preparation). The advantage over the detection of viral transcripts or proteins is that primed CD8 T cells are maintained after resolution of the acute infection and can, therefore, testify also a transient and past infection.
As shown in Fig [15, 16, 18] (see also the review article by Holtappels et al. in this issue of MMI)-in the popliteal lymph node at 1 week after infection. For a qualitative assessment of a CD8 T cell response to superinfection in CMV-immune mice, instead of measuring an elevated recall response, it is advantageous to use marker epitopes for which CMVimmune mice were not primed, so that one can measure a primary response to these particular epitopes in spite of previous virus encounter. With this rationale, the Wrst infection was performed with recombinant virus mCMV-IDE, in which the two immunodominant epitopes (IDEs) IE1 and m164 are functionally deleted by replacing their respective C-terminal MHC anchor residues with alanine, that is by mutations L176A and I265A, respectively (Holtappels et al., manuscript in revision; for the mutagenesis rationale, see also the contribution by Böhm et al. in this issue of MMI). After 3 months, when immunological memory was established except for the two IDEs, challenge infection was performed with mCMV-WT.BAC, and the primary CD8 T-cell response to the IDEs was measured (Fig. 1,  bottom panel) . This highly sensitive assay for superinfection indeed detected some IDE-speciWc priming, but the frequencies of primed CD8 T cells were very low.
We concluded from this experiment that immune serum is highly eVective in blocking infection already at the portal of virus entry.
Experimental regimen for a therapy of CMV infection by immune serum transfer
We next addressed the question if CMV-immune serum, in addition to inhibiting virus dissemination from the portal of entry to target tissues, can block cell-to-cell spread of virus within tissue or whether it rather inhibits the seeding of released progeny virus for secondary focus formation. The schema in Fig. 2 illustrates the study design for adoptive transfer of immune serum as an immunotherapy of CMV infection (for a similar strategy in CD8 T cell immunotherapy, see the review article by Holtappels et al. in this issue of MMI).
Immune serum donors were mice at 3 months after infection with mCMV-WT.Smith. Serum from uninfected, age-matched mice served to control for putative antibodyindependent serum eVects (Fig. 2a) . In a Wrst set of experiments, serum donors were immunocompetent BALB/c mice, in a second set of experiments serum donors were C57BL/6 mice that were either heterozygous or homozygous for a targeted disruption of the Ig heavy-chain gene. These donors were thus immunocompetent or B-cell deWcient, respectively. As expected, virus neutralizing activity was found only in sera from infected BALB/c and C57BL/ 6 + ¡ mice (Fig. 3) . Serum recipients were BALB/c mice that were immunocompromised by total-body -irradiation and infected with mCMV-WT.Smith (Fig. 2b) . As shown previously by Erlach et al. [19] for equivalent experimental conditions, infected cells become detectable in liver tissue by IE1 protein speciWc immunohistology at »day 4 after infection (95% conWdence interval: 2.5-4.5 days), which is in good accordance with the time course of infection with luciferase reporter virus mCMV157luc in combined T-and B-cell immunodeWcient RAG ¡/¡ mice detected by longitudinal bioluminescence imaging [14] . Serum transfer on day 6 thus has to cope with an already established tissue infection, though still at an early stage prior to clinical symptoms of disease.
Immune serum therapy of established tissue infection limits virus cell-to-cell spread
The key purpose of this study was to decide whether antibodies can only interfere with the founding of secondary infectious foci, which requires virus transit through extracellular tissue compartments that are thought to be easily accessible to antibodies, or whether antibodies also inhibit the growth of a primary infectious focus. The answer is given by an immunohistological study of the time course of infectious focus development in the liver (Fig. 4) . Reciprocal of serum dilution
Infected liver cells, which are mostly hepatocytes but also some endothelial cells and KupVer cells, are identiWed by immunohistological staining of intranuclear IE1 protein in liver tissue sections (for methods, see [20] ). On day 6, the time of serum transfer, single infected cells were detectable, which veriWed that virus had disseminated to the liver but was still in the Wrst round of replication. In absence of CMV-speciWc adoptive immunity, that is after the transfer of BALB/c normal serum, infectious foci were found to expand steadily in a centrifugal direction until on day 12 three-dimensional plaque-like lesions were formed with diameters of »250 m and characterized by a center with lysed cells surrounded by a rim of more recently infected cells (Fig. 4, upper row) [16] . As we know from previous work, this focus expansion in the liver corresponds to a loglinear growth curve with a doubling time of the number of infected cells of »18 h [21] . This infectious focus development was completely inhibited by the transfer of immune serum (Fig. 4, lower row) , though infected single cells and little groups of cells remained present.
Antiviral antibodies are the protective principle in CMV-immune serum
From all the said and shown, it is obvious that antibodies are the most likely candidates for the underlying protective principle in immune serum, but a formal scientiWc proof must exclude an antiviral function of cytokines or other factors that might be induced by infection and thus might be present in immune serum but not in normal serum. In the experiment shown in Fig. 5 , we, therefore, compared the antiviral function of all six sera that were explained in the schema of Fig. 2 and characterized for their virus neutralizing capacity in Fig. 3 . Regardless of whether the read-out of the antiviral function was the number of liver cells expressing IE1 protein (Fig. 5a ), the number of liver cells positive for viral DNA detected by in situ hybridization (Fig. 5b) [20, 22] or the amount of infectious virus (Fig. 5c) , signiWcant protection was only observed with the two sera that also contained virus neutralizing antibodies, that is with the immune sera from BALB/c and C57BL/ 6 + ¡ serum donors. In addition, the higher virus neutralizing activity of the BALB/c-derived immune serum (recall Fig. 3) corresponded to a higher antiviral activity in serum transfer recipients. Most importantly, immune serum from infected but B-cell deWcient homozygous C57BL/6 ¡ ¡ mutants did not protect at all when compared with the corresponding normal serum (P values of 0.40, 0.62, and 0.86 for Fig. 5a-c, respectively) . In contrast, the protection observed with immune serum from infected but B-cell intact heterozygous C57BL/6 + ¡ mutants was signiWcant when compared with its homozygous mutant counterpart (P values of 0.04, 0.025, and 0.015 for Fig. 5a -c, respectively). In conclusion, the protective antiviral activity of immune serum derived from infected C57BL/6 + ¡ mice can be attributed to CMV-speciWc antibodies.
Concluding remarks
In full accordance with previous own data [12] and with the results obtained by JonjiT et al. [13] and, more recently, by Klenovsek et al. [14] , our present data document that antibodies are very eYcient in controlling acute mCMV infection. Here we have added the information that antibodies not only inhibit long-distance primary dissemination from a portal of entry to target tissues as well as a secondary seeding but also protect from the focal cell-to-cell spread of virus after tissue infection is established. This is the quality that is relevant for preventing local histopathology and dysfunction.
Recent work by Sacher et al. [23] has opened new possibilities for studying virus dissemination and spread using cell-type speciWc recombination of a Xoxed green Xuorescent protein reporter virus in mice that express Cre recombinase under the control of cell-type speciWc promoters (see also the contribution by Sacher et al. in this issue of MMI). Tracing virus recombined in hepatocytes of Alb-Cre mice has led to the astounding Wnding that virus produced in hepatocytes does not contribute to virus dissemination to other organs by secondary viremia, a Wnding that challenges a dogma in virology. The virus conWnement to the liver, however, did not appear to be a function of antiviral antibodies.
Primary dissemination from the portal of entry is thought to occur not by free virions but by infected cells of the myeloid lineage [24] (for a review, see [25] ), a conclusion that is further supported by the Wnding that deletion of the antiapoptotic mCMV gene M36 prevents virus dissemination [26] [27] [28] . It is currently open to question at which stage in primary dissemination antibodies operate, and in particular, if the cell-bound transit through the vascular compartment is protected from antibodies. Antibodies might rather neutralize cell-free virions before uptake by the "vehicle cells" and/or their release at the target sites. Our, here reported Wnding that the priming of CD8 T cells speciWc for non-virion epitopes is blocked argues for a neutralization of free virions prior to infection of local cells and protein uptake by antigen-presenting cells, by dendritic cells in particular.
It is also unclear how antibodies prevent the cell-to-cell spread after established infection of liver tissue. Clearly, if the infection is transmitted between cells not by direct cellto-cell contact but by a cell-to-interstitium-to-cell route, progeny virions would become accessible to antibodies. Such a mechanism is actually suggested by the dimension and globular shape of advanced infectious foci (recall Fig. 4) , as the microanatomy of the liver parenchyma would 
Protective antiviral activity of donor sera in the liver of recipients a Quantitation of infected liver cells (mostly hepatocytes) on the basis of intranuclear IE1 protein detected by immunohistological staining (see also Fig. 4 with methods published in [20] ). This represents cells in all phases of infection. b Quantitation of infected liver cells on the basis of intranuclear inclusion bodies (sites of viral DNA packaging into nucleocapsids) detected by in situ hybridization [20] . This represents cells in the late phase of infection. c Quantitation of infectivity in the liver by the virus plaque forming unit (PFU) assay [20] . This represents viral productivity. All data refer to day 10 after infection, that is 4 days after serum transfer (see schema in Fig. 2 ). The quantitation of infected cells was performed for a representative tissue section area of 10 mm 2 , which is 100-fold the area shown in the photographs in Fig. 4 . Symbols represent the diVerent sera as deWned in Fig. 3 . P values for signiWcance are shown for group comparisons of particular interest (unpaired t-test, two-sided; http://www.graphpad.com/quickcalcs/ttest1.cfm). Data from two independent experimental groups are considered to be signiWcantly diVerent if P < 0.05 rather predict a longitudinal shape of infectious foci in the event of direct cell-to-cell spread.
It should be noted that alternative eVector mechanisms of antibody-mediated antiviral control, such as antibodydependent cellular cytotoxicity (ADCC) are likely to be suppressed in the model of the immunocompromised host studied here. The correlation between protection in vivo and the titer of neutralizing antibodies indeed argues against a signiWcant contribution of non-neutralizing antibodies that might operate by means of ADCC.
Whatever the mechanism may be, the data suggest that adoptive transfer of CMV-speciWc antibodies and/or memory B cells is a therapeutic option.
